Maternal diet, prenatal exposure to dioxins and other persistent organic pollutants and anogenital distance in children  by Papadopoulou, Eleni et al.
Science of the Total Environment 461–462 (2013) 222–229
Contents lists available at SciVerse ScienceDirect
Science of the Total Environment
j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenvMaternal diet, prenatal exposure to dioxins and other persistent
organic pollutants and anogenital distance in childrenEleni Papadopoulou a,b,c, Marina Vafeiadi a,b,d,e, Silvia Agramunt f, Kleopatra Mathianaki g,
Polyxeni Karakosta g, Ariana Spanaki h, Harrie Besselink i, Hannu Kiviranta j, Panu Rantakokko j,
KaterinaSarri g, Antonis Koutis g, Leda Chatzi g, Manolis Kogevinas a,c,d,e,⁎
a Centre for Research in Environmental Epidemiology (CREAL), Barcelona, Spain
b Department of Experimental and Health Science, Pompeu Fabra University, Barcelona, Spain
c National School of Public Health, Athens, Greece
d CIBER Epidemiología y Salud Pública (CIBERESP), Spain
e IMIM (Hospital del Mar Research Institute), Barcelona, Spain
f Service of Obstetrics and Gynecology, Hospital Universitari Parc de Salut Mar, Auniversitat Autònoma de Barcelona, Barcelona, Spain
g Department of Social Medicine, Medical School, University of Crete, Heraklion, Greece
h Paediatric Cardiology, Great Ormond Street Hospital, London, UK
i Biodetection Systems B.V., Amsterdam, The Netherlands
j National Institute for Health and Welfare (THL), Kuopio, Finland
H I G H L I G H T S
• “High-fat-diet” score was positively related to maternal dioxin-like activity.
• “High-fat-diet” score was positively related to maternal PCB and HCB blood levels.
• “High-fat-diet” score was associated with shorter genitalia distance in newborn boys.
• “High-fat-diet” score was associated with longer genitalia distance in newborn girls.
• No association between “high-fat-diet” score and genitalia distances in young children⁎ Corresponding author at: Centre for Research in Envir
E-mail address: kogevinas@creal.cat (M. Kogevinas)
0048-9697 © 2013 Elsevier B.V.
http://dx.doi.org/10.1016/j.scitotenv.2013.05.005
Open access under CC Ba b s t r a c ta r t i c l e i n f oArticle history:
Received 21 March 2013
Received in revised form 2 May 2013
Accepted 2 May 2013
Available online 31 May 2013
Editor: D. Barcelo
Keywords:
Pregnancy
Maternal diet
Persistent organic pollutants
DR-CALUX
Anogenital distance
Rhea studyWe investigated the potential endocrine disruptive effect of prenatal exposure to persistent organic pollutants
(POPs) through maternal diet, by measuring anogenital distance in newborns and young children. We included
231 mothers and their newborns measured at birth from the Rhea study in Crete, Greece and the Hmar study in
Barcelona, Spain and 476 mothers and their children measured between 1 and 2 years from the Rhea study. We
used food frequency questionnaires to assess maternal diet and estimated plasma dioxin-like activity by the
Dioxin-Responsive Chemically Activated LUciferase eXpression (DR-CALUX®) and other POPs in maternal sam-
ples. We deﬁned a “high-fat diet” score, as a prenatal exposure estimate, that incorporated intakes of red meat,
processed meat, fatty ﬁsh, seafood, eggs and high-fat dairy products during pregnancy. Increasing maternal
“high-fat diet” score was related to increasing dioxin-like activity and serum concentrations of lipophilic persis-
tent organic pollutants in maternal blood. An inverse dose–response association was found between “high-fat
diet” score and anoscrotal distance in newborn males. The highest tertile of the maternal score was associated
with−4.2 mm(95%CI−6.6 to−1.8) reduction in anoscrotal distance of newbornmales, compared to the lowest
tertile. A weak positive association was found between the “high-fat diet” score and anofourchetal distance in
newborn females. In young children we found no association between maternal “high-fat diet” score and
anogenital distances. In conclusion, maternal high-fat diet may be linked to high prenatal exposure to persistent
organic pollutants and endocrine disruptive effects, resulting to phenotypic alterations of the reproductive system.
© 2013 Elsevier B.V. Open access under CC BY-NC-ND license.onmental Epidemiology (CREAL), 88 Dr. Aiguader Rd, Barcelona 08003, Spain. Tel.: +34 932147332; fax: +34 932147302.
.
Y-NC-ND license.
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Maternal diet during pregnancy is crucial because it provides essen-
tial nutrients to the developing fetus (Chatzi et al., 2012; Knudsen et al.,
2008). However, the fetus is also exposed through themother to persis-
tent organic pollutants (POPs) (Liem et al., 2000). Human exposure to
POPs such as dioxins, biphenyls (PCBs) and organochlorine pesticides
occurs mainly through diet. Studies combining food consumption and
contamination levels have identiﬁed seafood, meat, eggs and dairy
products as main sources of dietary exposure to POPs (Darnerud et al.,
2006; De Mul et al., 2008; Perello et al., 2012; Tard et al., 2007).
Diet of pregnant women is associated with levels of lipophilic
organochlorine contaminants in maternal and cord blood as well as in
the placenta (Glynn et al., 2007; Halldorsson et al., 2008; Huang et al.,
2007; Llop et al., 2010). During pregnancy, absorbed compounds pass
through the placenta and reach the fetus (Lopez-Espinosa et al., 2007;
Suzuki et al., 2005). After birth, exposure continues through breast-
feeding and concentrations of POPs inmaternal blood have been related
to concentrations in breast milk (Solomon andWeiss, 2002). Therefore,
maternal body burden of POPs is important because of potential health
effects in the fetuses.
Organochlorine contaminants can disrupt normal endocrine func-
tion and in-utero exposures have been linked to several adverse health
effects (Lundqvist et al., 2006; Wigle et al., 2008). In animals, prenatal
exposure to organochlorine contaminants may induce anti-androgenic
effects and alterations in the reproductive system of offspring, including
a reduction in anogenital distance (Gray et al., 2001; Ohsako et al.,
2002). Anogenital distance, measured from the anus to the genitalia,
is used as a marker of prenatal exposure to androgens. Additional post-
natal androgen production does not affect anogenital distance in
animals andmay assist as a predictor of androgen responsive outcomes
in adulthood (McIntyre et al., 2002; van den Driesche et al., 2011).
In humans, prenatal exposure to phthalates, which can act as hor-
mone disrupters, has been linked to shorter anogenital distance mainly
in boys (Huang et al., 2009; Suzuki et al., 2012; Swan et al., 2005). Two
studies have investigated the association between prenatal exposure to
DDE and anogenital distance in children and reported inconsistent re-
sults (Longnecker et al., 2007; Torres-Sanchez et al., 2008). Our research
group recently showed that high dioxin-like activity in maternal blood
was associated with a reduction in anogenital distance of newborn
boys (Vafeiadi et al., 2013). There is no study on the effect of maternal
diet, as a source of exposure to POPs, on anogenital distance of children.
In adult men, shorter anogenital distance predicted poorer semen qual-
ity and hypogonadal testosterone levels, while prostate cancer patients
had shorter anogenital distances than healthy adult men (Castano-
Vinyals et al., 2012; Eisenberg et al., 2012a; Mendiola et al., 2011).
Anogenital distance in humans has been also suggested as a novelmark-
er of adult testicular function (Eisenberg et al., 2012a, 2012b, 2012c).
We examined the association between prenatal exposure to
organochlorine compounds, through maternal high-fat diet, and
anogenital distance measured in males and females, in two mother–
child cohorts in Greece and Spain.
2. Methods
2.1. Study population
Mothers and their children included in this analysis were from the
mother–child cohort in Crete, Greece (“Rhea study”) and the Hospital
del Mar cohort in Barcelona, Spain (“Hmar study”). The Rhea study
examines prospectively a population-based cohort of pregnant women
and their children at the prefecture of Heraklion, Crete, Greece (Chatzi
et al., 2009). Women were recruited within a year (from February
2007) at around 12 weeks of gestation. The inclusion criteria were: to
be residents of the study area, to be more than 16 years old, to have
the 1st visit at hospitals or private clinics at 10–13 weeks of gestationfor the ﬁrst major ultrasound examination and to have no communica-
tion handicap. The Hmar study includes women with singleton preg-
nancies enrolled at delivery in a public hospital of Barcelona, Spain,
from October 2008 to March 2010. Women less than 18 years old,
with multiple pregnancies or with pregnancy complications (HIV/B
hepatitis/C hepatitis infections, urgent C-sections, postpartumexcessive
hemorrhage) were excluded.
In the Rhea study, 795 (49.4% of the total “Rhea study” population)
women with singleton pregnancies agreed to participate in the
anogenital measurement protocol of their children and 647 children
were measured. In the Hmar study, 187 (66.5% of the total “Hmar
study” population)newbornsweremeasured and 127mother–newborn
pairswere eligible for this analysiswith completematernal dietary infor-
mation. In both studies, 34 women were excluded due to missing infor-
mation on maternal socio-demographic characteristics and 33 women
were excluded due to implausible maternal energy intake (outside the
range of 4184–16,736 kJ/day) (Davey et al., 2003). Hence, 231 mothers
with their newborns (n = 128 from the Rhea study, n = 103 from the
Hmar study) and 476 mothers with their children measured between
1 and 2 years (all from Rhea study) were included in our analysis.
All procedures of the studywere approved by the ethical committee
of the University Hospital in Heraklion, Crete, Greece and by the Clinical
Research Ethical Committee at Hospital del Mar (CEIC), Barcelona,
Spain. Written informed consent was obtained from all women partici-
pating in the studies concerning themselves as well as their children.
2.2. Dietary assessment and maternal “high-fat diet” score
In the Rhea study, a validated food frequency questionnaire (FFQ)
was used to assess dietary habits over pregnancy. It was administered
by trained research nurses between 14 and 18 weeks of gestation
(Chatzi et al., 2011). Frequency of intake was obtained for 250 food
items. The FFQ used by the Hmar study was adapted by the INMA
(INfancia y Medio Ambiente) Project and it has been validated for use
among adults living in Spain (Guxens et al., 2012). Women completed
the FFQ after delivery and were asked to report the frequency of intake
for 100 food items during the whole period of their pregnancy.
A “high-fat diet” score was created to estimate prenatal exposure
to organochlorine contaminants from maternal diet. Foods of animal
origin with high fat content, recognized as dietary sources of organo-
chlorine compounds are included in this score as 6 food groups: red
meat, processed meat, seafood, fatty ﬁsh, eggs and high fat dairy prod-
ucts (EFSA, 2012, 2006a, 2006b). Each food groupwas formed as a sum-
mary of theweekly frequency of intake of speciﬁc food items. The group
of “red meat” included: pork, beef, lamb, goat, pork and beef burgers
and minced meat. The group of “processed meat” included: cured
meat (ham, sausage, salami, mortadella, smoked turkey), bacon and
boiled turkey. Tuna (canned and fresh) and salmon were included in
the “fattyﬁsh group”, aswell as smaller species of fatty ﬁsh (i.e. sardines,
mackerel). The group of “seafood” included: shrimps, squid and shell-
ﬁsh. The “eggs” food group was a summary of intake of boiled eggs,
fried eggs and omelets. Finally, “high-fat dairy products” included:
whole milk, high-fat cheese, whole yogurt, ice cream and whipped
cream. Liver and offal were not included in the “high-fat diet” score
because many women reported no intake of such foods (Rhea study:
liver 74.7% and offal 85.7% of no intake; Hmar study: liver 63.1% and
offal 80.6% of no intake).
Each food group was categorized in tertiles and a value was
assigned in each woman, according to her level of intake, as follows:
0 for the lower tertile, 1 for the middle tertile and 2 for the upper
tertile. The summary of those values was the “high-fat diet” score of
each woman. Many women reported no intake of seafood (n = 406,
56%), thusweused2 values for seafood intake. A value of 0was assigned
for no intake and 1 for intake. Hence, the “high-fat” score ranged from 0
to 11 and represents the cumulative weekly intake of 6 food groups (in
times/week).
224 E. Papadopoulou et al. / Science of the Total Environment 461–462 (2013) 222–2292.3. Dioxin-like activity (DR-CALUX® bioassay)
Dioxin-like activity was estimated in maternal blood samples col-
lected at delivery using the Dioxin-Responsive Chemically Activated
LUciferase eXpression (DR-CALUX®) bioassay, in a subsample of our
study population from the Rhea and the Hmar study (n = 121). The
analysis was conducted at Biodetection Systems B.V., Amsterdam.
The protocol performed for the DR-CALUX® bioassay in this study
has been described in details elsewhere (Vafeiadi et al., 2013). The
DR-CALUX® bioassay is based on a genetically modiﬁed H4IIE rat
hepatoma cell line which contains the ﬁreﬂy luciferase reporter gene
under the transcriptional control of AhR. Upon exposure of the cells
to dioxins or dioxin-like chemicals light, that is proportional to the
strength of the AhR binding, is emitted. The light output was given in
relative light units (RLUs) which were converted to bioassay toxic
equivalents, by comparison to a 2,3,7,8-TCDD dose–response standard
curve. The bioassay toxic equivalents obtained by the DR-CALUX bioas-
say represent the total toxic potency of all dioxins and dioxin-like con-
geners present in a sample that show afﬁnity to the AhR. Dioxin-like
activity was expressed as pg CALUX®-TEQ per g of lipid. This method
has been previously validated for human blood analysis (Brouwer
et al., 2004; Croes et al., 2011; Van Wouwe et al., 2004) and has been
previously used in epidemiological studies (Halldorsson et al., 2009;
Koppen et al., 2009; Pedersen et al., 2012; Porpora et al., 2009).
2.4. Concentrations of organochlorine compounds in maternal blood
Additional concentrations of organochlorine compounds were
measured in maternal blood samples collected at 1st trimester from
475 mothers from the Rhea study in Greece. Samples were analyzed
with an Agilent 7000B gas chromatograph triple quadrupole mass
spectrometry (GC–MS/MS) at the National Institute for Health and
Welfare, Chemical Exposure Unit, Kuopio, Finland. Pretreatment of
serum samples for GC–MS/MS analysis has been described elsewhere
(Bjermo et al., 2013). Serum concentrations of four individual PCB con-
geners (IUPAC numbers: 138, 153, 170 and 180), hexachlorobenzene
(HCB), and dichlorodiphenyl dichloroethene (p′,p′DDE) were analyzed
and reported on whole weight as ng/ml serum. Concentration of DDT
was also estimated but due to high percentage of samples below the
limit of detection (60%), results are not reported. The sum of the four
PCB congeners (∑PCB) was used in our analysis.
Samples below the limit of detection (LOD) for both DR-CALUX and
organochlorine compound analyseswere assigned the value 0.5 × LOD.
2.5. Breastfeeding
Breastfeeding during the ﬁrst 18 months of life was examined to
assess postnatal exposure to lipophilic pollutants. Mothers were asked
if they had ever breastfed their child in the 6th and 18th month post-
partum follow-up. If thewoman had ever breastfed further information
on breastfeeding duration and intensity was asked (Vassilaki et al., in
press).
2.6. Anthropometric measurements and gestational age
The measurement protocol of anogenital distances has been previ-
ously described in details (Papadopoulou et al., 2013). In brief,
anogenital distance (AGD) was measured from the base of the penis
to the anus, anoscrotal distance (ASD) from the base of the scrotum to
the anus and penis width was also measured in males. In females,
anoclitoral distance (ACD) was measured from the clitoris to the anus
and anofourchetal distance (AFD) from the posterior convergence of
the fourchette to the anus. Weight and length were also reported. The
same protocol was followed by both studies. Additionally, within the
Rhea study a reliability studywas conducted and reported high reliabil-
ity coefﬁcients for anogenital distance measurements: AGD = 0.89,ASD = 0.96 and penis width = 0.75 in males and ACD = 0.91 and
AFD = 0.91 in females (Papadopoulou et al., 2013).
Gestational agewas based on the interval between the lastmenstrual
period and the date of delivery (84.2% for the Rhea study and 96.8% for
the Hmar study). The menstrual estimate of gestational age was com-
pared to the 1st trimester ultrasound measurement. In case of inconsis-
tencies greater than7 days, gestational agewas estimated by a quadratic
regression formula (15.8% for the Rhea study and 3.2% for the Hmar
study) (Westerway et al., 2000).
2.7. Potential confounders
Potential confounders included characteristics that have an
established or potential associationwithmaternal diet duringpregnancy
and anogenital distances of newborns and children including maternal
age (years), pre-pregnancy BMI (kg/m2), paternal BMI (kg/m2) and
age (years), weight gain during pregnancy (kg), maternal education
(primary/secondary/high-university), maternal ethnicity (Caucasian/
non-Caucasian), smoking during pregnancy (yes/no), type of delivery
(normal/cesarean), parity (primiparous/multiparous), gestational
hypertension and/or preeclampsia (yes/no), gestational diabetes (yes/
no), hospital of delivery (private/public), residence (urban/rural),
breastfeeding in previous pregnancies (yes/no), alcohol intake during
pregnancy (yes/no), and vegetable and fruit consumption during preg-
nancy (times/week).
2.8. Statistical analysis
Weexamined summary statistics ofmaternal characteristics, dietary
intakes and serum levels of dioxin-like activity and organochlorine
compounds. Crude and adjusted linear regression models were used
to estimate the association between maternal “high-fat diet” score (as
continuous variable or categorized into tertiles) and genitalia distances
of newborns and children. Mothers in the lower tertile of “high-fat diet”
score were the reference group. Age at the time of examination was
included in both crude and adjusted models of young children. The
selection of confounders included in the adjusted models was based
on directed acyclic graph (DAG) (Supplementary Graph) (Greenland
et al., 1999). Maternal ethnicity, age and smoking status during preg-
nancy have been related to anogenital distances, hence were included
in the adjusted models (Fowler et al., 2011; Longnecker et al., 2007;
Papadopoulou et al., 2013; Suzuki et al., 2012). Study (Rhea study/
Hmar study) was also included in multivariate models. Body weight
has been identiﬁed as a predictor of anogenital distances but it can
also be inﬂuenced by prenatal exposure to organochlorine compounds
(Papadopoulou et al., 2013). Hence, we formed two adjusted models,
with and without body weight, to test if the associations are driven by
body weight. Similar results were obtained and the fully adjusted
models were presented. Lastly, breastfeeding duration was added in
adjusted models of young children. Finally, we examined the associa-
tion of each food component of the “high-fat diet” score with the geni-
talia measurements. Multicolinearity was not observed in our analysis,
as assessed by the variance inﬂation factor (VIF > 10). All statistical
analyses were performed using STATA version 10.0 (Stata Corporation,
College Station, TX).
3. Results
3.1. Maternal “high-fat-diet” score
Maternal and child characteristics of our study population are
presented in Table 1. The mean “high-fat diet” score of 231 women
with newborns was 5.7 (SD 2.8) and of 476 mothers with young chil-
dren was 5.6 (SD 2.1). Mothers in the upper tertile of the “high-fat
diet” score were most likely to be of normal BMI status, non-Caucasian,
smokers and alcohol drinkers during pregnancy, compared to mothers
Table 1
Characteristics of 707 mother–child pairs by age group.
Newborns
(n = 231)
Children
(n = 476)
N (%) N (%)
Rhea study, Crete, Greece 128 (55.4) 476 (100.0)
Hmar study, Barcelona, Spain 103 (44.6) 0 (0.0)
Maternal age (years)a 29.9 (5.2) 30.1 (4.4)
Pre-pregnancy BMI (kg/m2)a 23.1 (4.9) 23.3 (5.0)
Maternal education
Primary 55 (23.8) 76 (16.0)
Secondary 105 (45.5) 238 (50.0)
Higher/university 71 (30.7) 162 (34.0)
Smoking during pregnancy
No 155 (67.1) 379 (79.6)
Yes 76 (32.9) 97 (20.4)
Parity (no. of previous pregnancies)
0 110 (47.6) 189 (39.7)
≥1 121 (52.4) 287 (60.3)
Maternal ethnicity
Non-Caucasian 57 (24.7) 0 (0.0)
Caucasian 174 (75.3) 476 (100.0)
Alcohol consumption during pregnancy
No 178 (77.1) 321 (67.4)
Yes 53 (22.9) 155 (32.6)
Breastfeeding
Never 67 (14.1)
Ever 409 (85.9)
Maternal “high-fat diet” score tertiles
Lower 61 0 to 3 138 0 to 4
Middle 83 4 to 6 169 5 to 6
Upper 87 7 to 11 169 7 to 11
Child characteristics
N Mean (SD) N Mean (SD)
Age at examination Birth 15.0 (10.0)
Gestational age (weeks) a 39 (2) 38 (1)
Weight (kg) 3.2 (0.4) 10.9 (2.1)
Length (cm) 50.0 (2.0) 81.0 (7.9)
Anogenital distances
Males 119 248
AGD (mm) 49.0 (5.0) 80.3 (7.8)
ASD (mm) 25.4 (4.8) 39.5 (7.3)
Penis width (mm) 10.7 (1.1) 13.8 (1.7)
Females 112 228
ACD (mm) 35.2 (3.2) 49.4 (5.9)
AFD (mm) 14.2 (2.9) 21.7 (3.9)
a Values presented are median (IQR).
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were observed in non-Caucasian women compared to Caucasian, even
when women from the Greek study were excluded (Greek study: 100%
Caucasian and Spanish study: 55% Caucasian vs. 45% non-Caucasian)
(data not shown). Intakes of vegetables, energy and fat were higher
with increasing “high-fat diet” score (Supplementary Table 1).
Dioxin-like activity in maternal blood was higher in the children
born by mothers in the upper tertile of the “high-fat diet” score duringTable 2
Maternal and cord dioxin-like activity and concentration of other compounds in maternal b
N Median (IQR
Dioxin-like activity in maternal blood (in pg CALUX TEQ/g lipid)a 121 41.4 (46
∑PCBs (in ng/ml serum) b 475 306.5 (24
HCB (in ng/ml serum)b 475 83.5 (58
DDE (in ng/ml serum)b 475 1979.7 (22
∑PCBs: sum of PCBs calculated by summing the concentrations of the individual congener
a n = 121, n = 25 in lower tertile; n = 32 in middle tertile; n = 64 in upper tertile.
b n = 475, n = 152 in lower tertile; n = 179 in middle tertile; n = 144 in upper tertilepregnancy, compared to the lower and middle tertiles and were posi-
tively correlated (Spearman's rho = 0.49, P b 0.001) (Table 2). Median
concentration of ∑PCB and HCB was increasing for increasing
“high-fat-diet” score tertiles, while differences were not signiﬁcant. A
weak positive correlation was found between “high-fat-diet” score
and∑PCB and HCB in maternal blood (Spearman's rho = 0.09, P =
0.048 and Spearman's rho = 0.10, P b 0.029). Regarding the food
groups included in the “high-fat diet” score, maternal dioxin-like activ-
ity was positively correlated with red meat (Spearman's rho = 0.48,
P b 0.001), seafood (Spearman's rho = 0.43, P b 0.001) and fatty ﬁsh
(Spearman's rho = 0.50, P b 0.001). Likewise, a positive correlation
was found between ∑PCB and fatty-ﬁsh (Spearman's rho = 0.09,
P = 0.043) and between HCB and red meat (Spearman's rho = 0.10,
P = 0.029) (data not shown).
3.2. Associations between “high-fat-diet” score and anogenital distances
in males and females
The maternal “high-fat diet” score was associated with a reduction
of all genitalia distances measured in male newborns in a dose–
response relationship, in the crude model (P for trend b 0.001)
(Table 3). In the adjusted model a one-point increase in maternal
“high-fat diet” score was associated with 0.5 mm (95% conﬁdence
interval (CI) = −0.9 to−0.2) reduction in anoscrotal distance (ASD)
of newborn males and the inverse dose–response association between
tertiles of maternal “high-fat diet” score remained. The reduction
in ASD of males whose mothers were in the middle tertile was
−1.9 mm (95% CI = −3.8 to 0.1) and for those with mothers in the
upper tertile was −4.3 (95% CI = −6.6 to −1.8 mm), compared to
mothers in the lower tertile. A negative but smaller effect of maternal
“high-fat diet” score was also observed for anogenital distance (AGD)
and penis width in newborn males in adjusted models.
In newborn females, there was no dose–response association
between maternal “high-fat diet” score and genitalia distances. We
observed an increase in the measured distances for mediummaternal
“high-fat diet” scores compared to the lower tertile of the score.
Further, we examined the adjusted association between maternal
weekly intake of each of the food groups included in the “high-fat
diet” score and anogenital distances. High intake of red meat, fatty ﬁsh
and eggs was associated with a reduction in ASD of newborn males
(Fig. 1).
In young males and females, measured at 1 to 2 years, we found
no association between maternal “high-fat diet” score and anogenital
distances (Supplementary Table 2). Adding breastfeeding duration in
the adjusted models provided similar null associations.
4. Discussion
In this studywe found that increasingmaternal “high-fat diet” score
was associated with a reduction in anoscrotal distance of newborn
males. Additionally, maternal “high-fat diet” score was positively relat-
ed to levels of persistent organic pollutants in maternal blood.lood, in all mothers and by “high-fat diet” score tertiles.
) Maternal “high-fat diet” score tertiles P-value
Lower (0 to 3) Middle (4 to 6) Upper (7 to 11)
Median (IQR) Median (IQR) Median (IQR)
.7) 6.0 (21.0) 40.8 (44.7) 47.5 (27.9) 0.001
7.1) 271.0 (261.3) 308.4 (252.4) 318.8 (229.9) 0.201
.0) 80.6 (41.6) 83.8 (63.1) 90.3 (64.3) 0.162
79.7) 2013.0 (1933.6) 1893.5 (2553.3) 2010.7 (1337.9) 0.943
s 153, 138, 180, and 170.
. Only women from the Rhea study in Greece.
Table 3
Adjusted association between maternal “high-fat diet” score during pregnancy and anogenital distancesa of male and female newborns, in the Rhea and Hmar studies.
Newborn males (n = 119) Newborn females (n = 112)
N AGD (mm)
(95% CI)
ASD (mm)
(95% CI)
PW (mm)
(95% CI)
N ACD (mm)
(95% CI)
AFD(mm)
(95% CI)
Maternal “high-fat diet” score
Crude model
Continuous −0.7 (−1.0 to −0.4) −0.8 (−1.0 to −0.5) −0.1 (−0.2 to −0.1) −0.1 (−0.3 to 0.1) 0.0 (−0.2 to 0.1)
Tertiles
Lowerb 31 0.0 0.0 0.0 30 0.0 0.0
Middle 44 −2.2 (−4.2 to −0.1) −2.4 (−4.3 to −0.5) −0.4 (−0.9 to 0.2) 39 1.1 (−0.4 to 2.6) 1.5 (0.2 to 2.9)
Upper 44 −4.3 (−6.3 to −2.2) −5.4 (−7.3 to −3.5) −1.0 (−1.4 to −0.5) 43 −0.3 (−1.8 to 1.2) 0.3 (−1.1 to 1.6)
Adjusted modelc
Continuous −0.2 (−0.5 to 0.2) −0.5 (−0.9 to −0.2) 0.0 (−0.1 to 0.1) 0.0 (−0.3 to 0.2) 0.2 (−0.1 to 0.4)
Tertiles
Lowerb 31 0.0 0.0 0.0 30 0.0 0.0
Middle 44 −1.2 (−3.1 to 0.7) −1.9 (−3.8 to 0.1) −0.2 (−0.6 to 0.2) 39 1.4 (0.1 to 2.7) 2.0 (0.6 to 3.4)
Upper 44 −1.0 (−3.3 to 1.4) −4.2 (−6.6 to −1.8) −0.2 (−0.8 to 0.3) 43 0.2 (−1.5 to 1.9) 1.5 (−0.2 to 3.3)
a AGD: anogenital distance, ASD: anoscrotal distance, PW: penis width, ACD: anoclitoral distance, AFD: anofourchetal distance.
b Reference category.
c Models are adjusted for study, maternal ethnicity, maternal age, smoking status during pregnancy and birth weight.
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tion, maternal dioxin-like activity was associated with a reduction
in anogenital distance of newborn males, even in low-levels of expo-
sure (Vafeiadi et al., 2013). The toxicity of dioxins and dioxin-like
compounds is mostly traced to their blocking of the aryl hydrocarbon
receptor (AhR) that modulates the function of the estrogen and
androgen receptors (Denison et al., 2011). In animal models suppres-
sion of the androgen receptor during gestation results in changes in
the reproductive system including lower testosterone production
and reduced anogenital distance (Hotchkiss et al., 2004). Hence,Fig. 1. Adjusted change in anoscrotal distance (ASD) of newborn males associated with med
eggs and high fat dairy products. Low weekly intake of each food group is the reference grduring pregnancy, environmental contaminants may disrupt or mimic
the normal activity of androgens, which stimulate the growth of the
perineal region, and result to a phenotype of a shorter anogenital dis-
tance of themale offspring (Bowman et al., 2003). In our studymaternal
dioxin-like activity was positively correlated with the “high-fat diet”
score, while other studies in pregnantwomen have reported controver-
sial results (Halldorsson et al., 2009; Pedersen et al., 2012). The correla-
tion was mainly driven by high consumptions of red meat, seafood and
fatty-ﬁsh. The “high-fat diet” score was also positively related with
maternal serum concentrations of HCB and non-dioxin-like PCBs (sumium and high maternal weekly intake of red meat, processed meat, seafood, fatty ﬁsh,
oup.
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consumption during pregnancy, respectively. Our ﬁndings are in line
with other reports on the major contribution of ﬁsh and seafood con-
sumption during pregnancy to body burden of dioxins and PCB, in
low-exposed pregnant women (Chevrier et al., 2013; Halldorsson et al.,
2008; Huang et al., 2007; Ibarluzea et al., 2011; Llop et al., 2010). Only
two studies have found an association between red meat and dairy
product consumption during pregnancywith levels of dioxins inmater-
nal blood (Halldorsson et al., 2009; Huang et al., 2007).
We found that maternal “high-fat diet” score in the upper tertile
was associated with a 15% reduction in anoscrotal distance (ASD) of
newborn males. High consumption of red meat, fatty ﬁsh and eggs
were the foods negatively linked to ASD in newbornmales. No previous
report exists on the association between maternal diet and anogenital
distance in children. Nevertheless, high maternal ﬁsh and shellﬁsh
intake has been linked to higher risk for hypospadias, mediated by
high prenatal exposure to HCB, while researchers did not distinguished
between fatty ﬁsh, lean ﬁsh or shellﬁsh and their link to maternal HCB
levels (Giordano et al., 2010, 2008). Another study reported that a die-
tary pattern of high meat, poultry and offal intake during pregnancy
was linked to increased risk for hypospadias (de Kort et al., 2011).
Hsieh et al. (2012) found that anogenital distance of young boys with
hypospadias is shorter than healthy boys, hence the results of the stud-
ies on maternal diet and risk for hypospadias might be relevant to our
results.
In adult men, high intakes of red and processed meat, have been
related to poor semen quality, while researchers has been focused on
the positive effects of antioxidant intake on semen parameters
(Gaskins et al., 2012; Mendiola et al., 2009, 2010; Minguez-Alarcon
et al., 2012). Eisenberg et al. (2012a) through a series of studies, sug-
gested that neonatal anogenital distance can be a novel metric to predict
adult testicular function. Consequently, impaired adult reproductive
healthmight be relatedprenatal exposure to organochlorine compounds,
through maternal diet.
High fat intake has been linked to poor semen quality in adult men
(Mendiola et al., 2010). In our study, women with high food scores
had high intakes of fat which might mediate the observed reduction
in ASD. However, red meat and fatty ﬁsh were the main contributors
of maternal blood levels of toxic contaminants and were also related
with a reduction in ASD. This strengthens our hypothesis towards
the link of prenatal exposure to organochlorine compounds and the
observed reduction in ASD.
Prenatal exposures to endocrine disruptive chemicals can be linked
to small size at birth. Body size is positively related to genitalia dis-
tances, thus a reduction in anogenital distance might be mediated by
small size at birth (Papadopoulou et al., 2013). According to the DAG
approach, the association between prenatal exposure to contaminants
and anogenital distance should not be adjusted for birth weight and
the total effect, and not direct or indirect effects, would be estimated
(Greenland et al., 1999). A suggested solution is to include in the regres-
sion model, body weight along with all maternal lifestyle factors that
are confounding the association of body weight with anogenital dis-
tance. Since the estimated effects were not modiﬁed after adjusting
for weight, then we can argue that the observed negative associations
are not mediated by a reduction in weight. However, maternal factors
that can inﬂuence anogenital distances have not been thoroughly stud-
ied and the relationship between fetal growth and genital development
still remains unclear. The limitations of our observational study are
acknowledged and our ﬁndings are interpreted as associations and
not as causations.
In our study, maternal “high-fat diet” score was associated with an
increase in anofourchetal distance (AFD) of newborn females, while
due to lack of monotonicity we consider our ﬁndings weak. In animal
models high prenatal exposure to testosterone was related to increase
of female offspring genitalia distance, suggesting masculinization of
female rodents (Hotchkiss et al., 2007). Recently an association wasreported between prenatal stress and longer anogenital distance in
female newborns, suggesting masculinization of female reproductive
development (Barrett et al., 2013). The link between neonatal
anogenital distance and women reproductive health is unknown,
while there is one recent report suggesting that increased prenatal
androgen exposure can be linked to longer anogenital distance in
adult women (Mendiola et al., 2012). Results on females are scarce
and further follow-up of this cohort is needed to investigate possible
effects of prenatal exposures on the reproductive health of females.
In children measured at 1 to 2 years of life we observed no effect of
maternal high-fat diet during pregnancy on genitalia measurements. In
line with our ﬁndings, no associationwas found in the same population
between maternal dioxin-like activity, assessed by the DR-CALUX bio-
assay, and anogenital distances of young children (Vafeiadi et al.,
2013). Based on evidence from animal studies, genitalia distances are
mainly deﬁned in-utero and the effect of additional postnatal androgen
action or production is considered minor. However, in humans the ex-
tent to which the postnatal exposures can affect anogenital distances
measured in early childhood is unknown, while postnatal growth
might mask any prenatal or postnatal effect on genitalia. In our study,
exposure misclassiﬁcation is high during the postnatal period, given
that breastfeeding was short for most children and that there was no
information concerning child's diet during the ﬁrst 2 years of life,
which might contribute to total postnatal exposure.
Higher prevalence of non-Caucasian ethnicity, smoking and alcohol
drinking during pregnancy was observed for women with higher food
scores. Hence the relationship between high-fat-diet score and
anogenital distances could be driven by unidentiﬁed maternal factors
of an unhealthy lifestyle. Nevertheless, after adjusting for maternal
characteristics our ﬁndings were similar, though weaker. Furthermore,
it has to be acknowledged thatmaternal body burden of organochlorine
compounds during gestation might not reﬂect a long-term exposure
history, due to the physiological changes occurring in pregnancy that
can inﬂuence the disposition of chemicals (James et al., 2002; Wang
et al., 2009). In addition, exposures of women in early life are important
body burden determinants and reduction ofmaternal body burden long
before pregnancy can lead to lower prenatal exposures (Glynn et al.,
2007; Huisman et al., 1995).
5. Conclusions
In conclusion, we found that high maternal “high-fat diet” score is
associated with a reduction of ASD in newborn males. Our results
suggest that prenatal exposure to persistent organic pollutants,
through maternal diet, may have an endocrine disruptive effect,
expressed as phenotypic alterations of the reproductive system.
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